Preterm birth is a leading cause of long-term motor and cognitive deficits. Clinical studies suggest that some of these deficits result from disruption of cerebellar development, but the mechanisms that mediate cerebellar abnormalities in preterm infants are largely unknown. Furthermore, it remains unclear whether preterm birth and precocious exposure to the ex-utero environment directly disrupt cerebellar development or indirectly by increasing the probability of cerebellar injury, including that resulting from clinical interventions and protocols associated with the care of preterm infants. In this study, we analyzed the cerebellum of preterm pigs delivered via c-section at 91% term and raised for 10 days, until term-equivalent age. The pigs did not receive any treatments known or suspected to affect cerebellar development and had no evidence of brain damage. Term pigs sacrificed at birth were used as controls. Immunohistochemical analysis revealed that preterm birth did not affect either size or numbers of Purkinje cells or molecular layer interneurons at term-equivalent age. The number of granule cell precursors and Bergmann glial fibers, however, were reduced in preterm pigs. Preterm pigs had reduced proliferation but not differentiation of granule cells. qRT-PCR analysis of laser capture microdissected external granule cell layer showed that preterm pigs had a reduced expression of Ccnd1 (Cyclin D1), Ccnb1 (Cyclin B1), granule cell master regulatory transcription factor Atoh1, and signaling molecule Jag1. In vitro rescue experiments identified Jag1 as a central granule cell gene affected by preterm birth. Thus, preterm birth and precocious exposure to the ex-utero environment disrupt cerebellum by modulating expression of key cerebellar developmental genes, predominantly affecting development of granule precursors and Bergmann glia.
Introduction
Preterm birth occurs in~10% of pregnancies and is associated with long-term motor and cognitive deficits (Blencowe et al., 2012; Steer, 2005) . Some neurological impairments in children born preterm are considered to result from disruption of development of the cerebellum, a major center of motor-coordination that is also involved in cognition and emotion (Reeber et al., 2013; Stoodley et al., 2016; Kopecky et al., 2012) .
During development, cerebellar neurons originate from two germinal zones that arise in early embryonic cerebellar anlage: the cerebellar ventricular zone, which gives rise to GABAergic neurons, such as Purkinje cells and molecular layer interneurons, and the rhombic lip, which gives rise to glutamatergic cerebellar neurons, such as granule cells (Chizhikov and Millen, 2013) . Upon exiting the ventricular zone, Purkinje cells migrate radially toward the cerebellar surface forming a multilayered Purkinje cell layer, which later resolves into a Purkinje cell monolayer. Dendrites of Purkinje cells form the molecular layer, which becomes populated by molecular layer interneurons (Leto et al., 2016) . Granule cells, which are the most numerous neuronal type in the cerebellum and the entire brain, exit the rhombic lip as proliferating precursors. They migrate tangentially along the outer surface of the cerebellar anlage forming a secondary germinal matrix -the external granule cell layer (EGL). Granule cell precursors proliferate in the outer EGL in response to Shh and Jag1 signaling molecules (Dahmane and Ruiz i Altaba, 1999; Solecki et al., 2001; Hatten and Roussel, 2011) , translocate to the inner EGL as they exit the cell cycle and initiate differentiation, and migrate radially along Bergmann glial fibers to form the internal granule cell layer (IGL) below the Purkinje cell layer (Basson and Wingate, 2013; Sillitoe and Joyner, 2007) .
In humans, the peak of granule cell proliferation occurs during the third trimester of pregnancy, which coincides with extensive radial migration and accumulation of differentiated granule neurons in the IGL, the cerebellar folia formation, and maturation of Purkinje cells (Raaf, 1944; Rakic and Sidman, 1970; Volpe, 2009; Ten Donkelaar and Lammens, 2009 ). These critical events make the cerebellum potentially vulnerable to consequences of preterm birth. Indeed, human MRI studies have associated preterm birth with reduced cerebellar volume (Messerschmidt et al., 2005; Limperopoulos et al., 2005a,b; Volpe, 2009; Brossard-Racine et al., 2015; Arhan et al., 2017) . It is important to note, however, that preterm infants have high rates of cerebellar hemorrhage, white matter injury because of hypoxia-ischemia or infection, and infarction, all of which independently correlate with reduced cerebellar volume (Limperopoulos et al., 2010; Yoo et al., 2014; Ranger et al., 2015; Jeong et al., 2016; Kim et al., 2016; Pierson and Al Sufiani, 2016; Matsufuji et al., 2017) .
Survival after early preterm birth requires intensive care. Some of the protocols that are used for survival of preterm infants have the potential to compromise cerebellar development. For example, the glucocorticoids administered to many preterm infants (often up to 85-100%) to enhance lung maturation or because of low blood pressure (Volpe, 2009; Baud and Gressens, 2011; Tam et al., 2011) inhibit cerebellar growth by repressing Shh signaling and disrupting proliferation of granule cell precursors Tam et al., 2011) . The cerebellum is sensitive to blood oxygen saturation, and the mechanical ventilation and hyperoxia required for some preterm infants because of extreme lung immaturity or respiratory distress are known to affect cerebellar development (Scheuer et al., 2018; Biran et al., 2011; Rees et al., 2009 ). Thus, it remains unknown (1) whether preterm birth and subsequent precocious exposure to the ex-utero environment directly compromise cerebellar developmental program or indirectly by increasing the probability of cerebellar injury, including that resulting from clinical interventions required for treatment of extracerebellar problems resulting from preterm birth, and (2) what cerebellar populations and molecular mechanisms are primarily affected by preterm birth.
Recently, Haldipur et al. (2011) compared cerebellar tissue samples from infants that were born preterm and died shortly after birth with those from stillborn infants (fetuses that died in utero, without any exposure to the ex-utero environment) and found that the first group had a reduced proliferation of granule cell precursors because of downregulated Shh signaling, and decreased density of Bergmann glia. Preterm infants born after 34 weeks also had a reduced number of Purkinje cells. Although this study suggests granule cells, Bergmann glia and Purkinje cells as potential targets of preterm birth, it is important to note that many of the preterm infants had sepsis/inflammation and/or were affected by other confounding factors. Using stillborn infants as study controls further complicated interpretation of the results, highlighting the need for analyzing a healthy animal model.
Although laboratory rodents are commonly used to study brain development, unlike infants, the mouse cerebellum is underdeveloped at birth, with the peak of granule cell proliferation, the development of cerebellar foliation, IGL formation and maturation of Purkinje cells occurring after birth (Raaf, 1944; Rakic and Sidman, 1970; Leto et al., 2016) . In contrast, preterm pigs share similarities with preterm infants in organ anatomy, physiology, and patterns of cerebellar development, including the development of granule cells and Purkinje cells (Larsell, 1954; Sangild et al., 2013; Eiby et al., 2013; Radlowski et al., 2014; Choudhri et al., 2014) . Moreover, the compatibility of preterm pigs with neonatal intensive care unit protocols and technologies provides an opportunity to study the consequences of prematurity and postnatal care on brain development.
A recent study found very limited differences in expression of several developmentally important genes in the cerebellum of preterm pigs relative to those born at term, which was interpreted as evidence of limited effect of preterm birth on cerebellar development (Bergström et al., 2016) . In the aforementioned study, however, gene expression was analyzed using total cerebellar RNA. Since development of different cerebellar populations is controlled by different genetic programs (Chizhikov and Millen, 2013; Basson and Wingate, 2013; Sillitoe and Joyner, 2007; Goldowitz and Hamre, 1998) , it is likely that preterm birth modulates expression of genes in a cell-type specific manner. Thus, gene expression differences in preterm subjects may be hard to detect by analyzing total cerebellar RNA, highlighting the need to analyze individual cerebellar cell types.
In the current study, by analyzing healthy pigs with cell-type specific markers, we demonstrated that preterm birth and precocious exposure to the ex-utero environment compromise cerebellar development. Furthermore, we identified specific cerebellar cellular populations and molecular mechanisms that are affected by preterm birth.
Materials and methods

Pigs and tissue collection
All aspects of the study that involved live pigs were performed according to an established protocol (Choudhri et al., 2014; Caminita et al., 2015) that was approved by the Institutional Animal Care and Use Committee of the University of Memphis. All pigs used in this study shared a consistent genetic lineage, were born to sows that had been artificially inseminated using a consistent source of semen, and were pathogen-free. Preterm pigs were delivered on gestational day 105 (91% of average 115-day term) (Choudhri et al., 2014 ) via c-section and maintained for 10 days, until term-equivalent age, when they were euthanized for brain collection. After delivery, the pigs had an umbilical artery catheter and feeding tube placed and were individually housed in incubators. Each pig received a single dose of maternal serum (5 ml per kg via the umbilical catheter) to provide passive immunity and compensate for the lack of colostrum. The pigs received parenteral nutrition for the first 24 h (8 ml/kg × h) and were then converted to enteral milk replacer (24 ml/kg every 3 h for a total of 192 ml/ kg × day). The compositions of the parenteral nutrition solution and milk replacer were previously described (Choudhri et al., 2014) and were formulated to meet the energy and nutrient requirements of newborn pigs.
As controls, we used naturally born term pigs that were euthanized within 8 to 12 h after birth. Another set of controls were pigs that were delivered at term via c-section to assess possible influence of birth mode. Since normal gestation length of the pig is 113-116 days (Tilley et al., 2007) , we performed c-section at gestational day 113 to avoid delivery by natural birth; the pigs were euthanized immediately after the c-section.
None of the pigs had any evidence of compromised health or required medical interventions prior to necropsy. Upon necropsy, the entire brain was immediately removed; the cerebellum was isolated and cut into~1 cm thick pieces and processed for immunohistochemistry, laser capture microdissection or cerebellar slice cultures. None of the pigs had evidence of brain hemorrhage or any other type of brain injury observed either during initial macroscopic brain examination or subsequent microscopic examination of cerebellar sections (> 40 sections per cerebellum, including those from medial vermis, lateral vermis, and hemispheres). Animals of both sexes were analyzed.
Immunohistochemistry and detection of apoptotic cells
Cerebellar tissue for immunohistochemistry was fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS) for three days at 4°C, rinsed in cold PBS, cryoprotected with 30% sucrose, embedded in OCT and stored at −80°C until sagittally sectioned on a cryostat; sections were collected on Superfrost Plus slides (Fisher). Slides were dried at room temperature for 20 min, rinsed in PBS three times, blocked in PBS with 0.1% triton X100 and 1% heat inactivated goat serum for 1 h at room temperature and incubated overnight at 4°C with primary antibodies and then for 1 h at room temperature with species-appropriate Alexa fluor 594-conjugated secondary antibodies (Invitrogen). The following primary antibodies were used: antiCalbindin (Swant, CB-38, rabbit, 1:200, RRID:AB_10000340), anti-GFAP (Dako, Z0334, rabbit, 1:200, RRID:AB_10013382), anti-Pax2 (Proteintech, 21385-1ap, rabbit, 1:200) , anti-Pax6 (Covance, Prb-278p-100, rabbit, 1:350, RRID:AB_291612), anti-Ki67 (BD Pharmingem, 556003, mouse IgG, 1:250, RRID:AB_396287), anti-pH 3 (AbCam, ab10543, rat 1:200, RRID:AB_2295065), anti-Tag1 (Developmental Studies Hybridoma Bank, University of Iowa, mouse IgM, 1:5, RRID:AB_531775), anti-Doublecortin (Dcx) (Abcam, ab18723, rabbit, 1:200; RRID:AB_732011) and anti-NeuN (Millipore, Mab377, mouse IgG, 1:500; RRID:AB_2298772). Some slides were counterstained with DAPI (Sigma) to visualize cell nuclei and tissue morphology. Apoptotic cells were identified by TUNEL assay with an in situ cell death detection kit (Roche).
Laser capture microdissection (LCM) and qRT-PCR
Fresh cerebellar pieces were placed in pre-cooled 50 ml conical tubes, frozen on crushed dry ice, then transferred to cryomolds with precooled OCT that was allowed to solidify on dry ice. The embedded tissues were stored at −80°C until sagittal sections were cut on a cryostat at 10 μm and collected on plain glass slides (Fisher). To identify EGL, slides were stained with RNase-free cresyl violet using the LCM staining kit (Life technologies) according to the manufacturer's instructions. Upon completion of the staining, slides were incubated in xylenes (two times, 5 min each) to completely dehydrate the tissue, dried for 5 min at room temperature and used for LCM. Microdissection was performed using an Arcturus XT LCM machine. The entire EGL (blue area in Figs. 6A and 7A) was microdissected from five non-adjacent sagittal sections from each cerebellum. For consistency, sections were taken from the medial vermis and were separated by 50 μm from each other.
Total RNA was isolated from microdissected cells using a Pico Pure RNA isolation kit (Arcturus) according to the manufacturer's instructions. To remove traces of genomic DNA, RNA on the columns was treated with RNase-free DNase I (Qiagen) prior to elution. RNA was reverse transcribed with iScipt™ cDNA synthesis kit (Biorad) and qRT-PCR was performed to compare the expression levels of genes between preterm and term EGL. The reactions were carried out as previously described (Currle et al., 2005; Yoo et al., 2014 ) using a Roche LC480 Real-Time PCR machine with SYBR Fast qPCR master mix (Kapa Biosystems). All reactions were performed in triplicate. The relative abundance of each transcript was calculated using the 2-ddCT method (Livak and Schmittgen, 2001) and Gapdh as an internal reference.
The following primers were used:
Ccnd1 F: AACTACCTGGACCGCTTCCT and Ccnd1 R: GGGATGGTC TCCTTCATCTTC Ccnb1 F: GCCTCTGCTGCAACCTCTAA and Ccnb1 R: TGACTTTGTT ACCGATGTCTCC Ccna2 F: TTAGGGAAATGGAGGTTA and Ccna2 R: TAGTTCACAGC CAAATGC Cdkn1b F: CTGGAGGGCAAATACGAGTG and Cdkn1b R: TGTAGT AGAACTCGGGCAAGC Cdkn2c F: CTGGTTTCGCTGTCATTCAC and Cdkn2c R: CAGCTTGA AACTCCAGCAAA Atoh1 F: GCCAGTGCAGGAGGAAAGTA and Atoh1 R: GTAATGAG AATGCGGGGAAA Pax6 F: GAGTTCTTCGCAACCTGGCTA and Pax6 R: TGGTATTCTC TCCCCCTCCTT Zic1 F: CTGAGCAGAGCAACCACATC and Zic1 R: TGGCTTTAAAG GGCTTTCC Zic4 F: CCCTTCCCCTGTCCTTTC and Zic4 R: CTCGAACTCGCACCT GAAG Ptch1 F: GCGTGGATGATGTTTTCCTT and Ptch1 R: GCTTGAGGCA TTCTCCAGTC Gli1 F: CAGGGAGGAGAGCAGACTGA and Gli1 R: TCACTGCTGCA GGAGGACT Smo1 F: CAGCAAGATCAACGAGACCA and Smo1 R: GTGGCAGCT GAAAGTGATGA Jag1 F: ACATAGCCCGAAACAGTAGC and Jag1 R: GTTGTAGCAGG GATGAGGAC Gapdh F: ACCCAGAAGACTGTGGATGG and Gapdh R: AAGCAGGG ATGATGTTCTGG
Cerebellar slices
Organotypic cerebellar slice cultures were essentially performed as previously described (Englund et al., 2006; Daza et al., 2007) . Cerebellar vermis blocks were embedded in 4% low melting agarose in Krebs buffer and sliced sagittally on a vibratome at 300 μm. Slices were placed on Millicell cell culture inserts (0.4 μm pore size) (Millipore) floating on DMEM medium (Invitrogen) supplemented with 10% fetal calf serum, glutamine, glucose and pen/strep, and incubated in a CO 2 incubator (at 37°C, 5% CO 2 ) for 1 h. Then, the medium was exchanged for serum-free neurobasal/B27 medium (Invitrogen) with or without 10 nM human recombinant Jag1 protein or with 0.4 μm/ml mouse Shh protein (both R&D Systems). After incubating for 24 h, slices were rinsed in PBS, fixed in 4% PFA in PBS for 1.5 h at 4°C, cryoprotected with sucrose, embedded in OCT on dry ice, sectioned on a cryostat and used for cerebellar tissue analysis as described above.
Cell counts
Pax6+, Ki67+, NeuN+, and Pax2+ cells and GFAP+ Bergmann glial fibers were counted in 20 μm-thick immunostained sections using the optical fractionator technique. For this purpose, Z-stacks of optical sections at a step of 1 μm were taken using a Zeiss-710 confocal microscope and analyzed using Stereo Investigator Software (Version 11) (MicroBrightField). The numbers of Pax6+, Ki67+ and NeuN+ cells were evaluated in 100 μm-long 15 μm-wide boxes encompassing the entire thickness of the EGL (Supplemental Fig. 1A ). The dissector height was 15 μm. The numbers of Pax2+ interneurons and GFAP+ Bergmann glial fibers were evaluated in 300 μm-long 200 μm-wide (Pax2+ cells) or 200 μm-long 200 μm-wide (GFAP+ fibers) boxes encompassing the entire thickness of the ML (Supplemental Fig. 1B ). In addition to the EGL, NeuN+ cells were also counted in the IGL, in 200 μm-long 200 μm-wide boxes (Fig. 5B, C) . The dissector height was 15 μm for counting Pax2+ cells and NeuN+ IGL cells, and 12 μm for counting GFAP+ fibers. Guard zones of 10% of the section's thickness were placed at the top and bottom of each Z-stack to account for damage during sectioning. Counting frames were randomly placed by the Stereo Investigator program. Cells within each frame were counted throughout the dissector height as previously described (Glaser et al., 2007) , generating an estimate of the number of positive cells per 100 μm × 15 μm × 15 μm segments of the EGL (for Pax6+, Ki67+, and NeuN+ cells), per 300 μm × 200 μm × 15 μm segments of the ML (for Pax2+ ML interneurons), per 200 μm × 200 μm × 12 μm segments of the ML (for GFAP+ Bergmann glial fibers) or per 200 μm × 200 μm × 15 μm segments of the IGL (for NeuN+ neurons). The number of neurons in the IGL in lobes III and VIII (Fig. 5F, I ) was calculated by multiplying density of NeuN+ IGL cells (determined by cell counts in 200 μm × 200 μm × 15 μm segments) and IGL volume in corresponding lobes in each section.
The numbers of Calb+ Purkinje cells, pH 3+ and TUNEL+ EGL cells, and the width of Tag1+ and Dcx + layers were evaluated using 12 μm-thick antibody stained sections, which were photographed using a Zeiss A2 fluorescent microscope. Purkinje cells were counted along a line drawn parallel to the Purkinje cell layer. The number of Purkinje cells was calculated in term and preterm cerebella per 500 μm of the Purkinje cell layer, as previously described (Haldipur et al., 2011) . The diameter of Purkinje cells was measured in 30 randomly selected Purkinje cells in the anterior and posterior cerebellum. The numbers of mitotic pH 3+ and apoptotic TUNEL+ cells were measured per 1 mm of the EGL as previously described (Zhang et al., 2015; Fauquier et al., 2014) . For consistency, sections used for both unbiased stereological cell counts and regular cell counts were from the medial cerebellar vermis. For each marker, three to five non-adjacent immunostained sections were analyzed per cerebellum or in vitro slice. Each slice was obtained from an individual cerebellum.
Statistical analysis
At least four cerebella or slices from each group were studied. All data are presented as the mean ± sd. Statistical significance between two groups was determined using two-tailed t-test. Statistical analysis of multiple groups was performed using one-way ANOVA followed by Tukey's post hoc test with Statistica software (version 10), (Tulsa, OK, USA). p < .05 was considered statistically significant.
Results
Preterm birth followed by ex-utero development reduces the number of cerebellar granule cell precursors and Bergmann glial cells
To study if preterm birth affects cerebellar development, we analyzed specific cerebellar populations in healthy pigs that were delivered 10 days preterm (91% term, comparable to~32-week preterm infants) (Sangild et al., 2013; Eiby et al., 2013 ) and sacrificed at term equivalent age. As controls, we used term pigs that were either naturally born or delivered via c-section. Cell-type specific markers were used to identify and quantify distinct cerebellar populations, including Pax6, which labels both proliferating and differentiating cerebellar granule cell precursors in the EGL, and Calbindin, Pax2 and GFAP, which label Purkinje cells, GABAergic molecular layer (ML) interneurons, and Bergmann glia, respectively (Swanson et al., 2010; Yeung et al., 2016) . The number of Pax6+ granule precursors was reduced in preterm pigs relative to both naturally born term controls and term controls delivered via c-section in both anterior and posterior cerebellum (Fig. 1A-I ) (Suppl. Table 1 ). In contrast, both density and diameter of Purkinje cells were similar between preterm and term pigs (Fig. 1J-R ) (Suppl. Table 1 ). Similarly, there was no significant difference in the number of Pax2+ ML interneurons between preterm and term pigs ( Fig. 2A-I ) (Suppl. Table 1 ). The number of Bergmann glial fibers, however, was reduced in preterm pigs relative to both naturally born and c-section delivered term controls, in both anterior and posterior cerebellum (Fig. 2J-Q ) (Suppl. Table 1 ). Thus, preterm birth and subsequent precocious exposure to the ex-utero environment reduce the number of granule cell precursors and Bergmann glia but not Purkinje cells or ML interneurons.
Preterm birth affects proliferation but not differentiation of granule cell precursors
Normal granule cell development is critical for building an appropriately sized functional cerebellum (Sillitoe and Joyner, 2007; Basson and Wingate, 2013; Chizhikov and Millen, 2013) . Thus, after observing a reduced number of granule cell precursors in preterm pigs, we sought to determine the mechanisms underlying this phenotype. During normal development, an outer portion of the EGL is populated by undifferentiated Ki67+ granule cell precursors, while the inner EGL contains granule precursors that began neuronal differentiation and express NeuN (Fox3), Tag1 and Doublecortin (Dcx) (Faust, 2003; Chizhikov et al., 2007; Haldipur et al., 2011; Ceccarelli et al., 2015) . The number of Ki67+ granule cell precursors was reduced in the EGL of preterm pigs relative to both naturally born term controls and term controls delivered via c-section in both anterior and posterior cerebellum ( Fig. 3A1-E ) (Suppl. Table 2 ). In contrast, there was no difference in the number of NeuN+ cells in the EGL of preterm pigs relative to either group of term controls (Fig. 3F1-J) (Suppl. Table 2 ). Similarly, we did not find a significant difference in the thickness of the Dcx+ or Tag1+ layers between preterm and term pigs (Fig. 3K1-T) (Suppl. Table 2 ). Thus, preterm birth and precocious exposure to the ex-utero environment do not dramatically affect differentiation in the EGL, but reduce the number of Ki67+ undifferentiated granule cell precursors.
Both proliferation and apoptosis affect the number of progenitors in the developing central nervous system. To determine whether preterm birth affects proliferation of granule cell precursors, we quantified the number of cells immunoreactive for phospho-Histone 3 (pH 3), a marker of cells in M phase of the cell cycle (Kim and Scott, 2014; Sudarov and Joyner, 2007) . TUNEL was used to label apoptotic cells in the EGL. Since our EGL marker analysis revealed that preterm birth similarly affects the EGL in the anterior and posterior cerebellum, for pH 3 and TUNEL analysis, we combined data from the anterior and posterior cerebellum. Also, because naturally born term pigs and term pigs delivered via c-section did not reveal difference in any major cerebellar population ( Fig. 1-3 , Suppl. Tables 1 and 2), naturally born term pigs were used as controls for most studies described below. The number of pH 3+ cells was reduced in the EGL of preterm pigs relative to term controls (Fig. 4A-C ) (Suppl. Table 3 ), revealing reduced proliferation in the preterm EGL. In contrast, we did not find a significant difference in the number of TUNEL+ cells between preterm and term EGL (Fig. 4D-F ) (Suppl. Table 3 ), showing that preterm birth does not lead to an elevated apoptosis in the EGL. Therefore, taken together, our data demonstrate that preterm birth and the ex-utero environment affect cerebellar development by reducing proliferation of granule cell precursors in the outer EGL.
Reduced number of neurons in the IGL of preterm pigs
Reduced proliferation of neuronal precursors is expected to result in a decreased number of mature neurons. Since mature granule neurons populate the IGL, we evaluated the number of neurons in the IGL using anti-NeuN immunohistochemistry (Ceccarelli et al., 2015) . Consistent with reduced proliferation in the EGL, we observed a decrease in the number of differentiated (NeuN+) neurons in the IGL in both anterior lobe III and posterior lobe VIII of preterm pigs relative to term controls (Fig. 5 ) (Suppl. Table 4 ).
Preterm birth reduces expression of genes encoding general regulators of the cell cycle -Cyclin D1 and Cyclin B1 in the EGL
Since reduced proliferation of granule cell precursors was a major phenotype identified in this study, which was associated with a decreased number of mature granule neurons, we sought to determine the molecular mechanisms that affect proliferation in preterm pigs. Proliferation is generally promoted by cyclins. In contrast, inhibitors of cyclin-dependent kinases (CDKIs) inhibit proliferation, promoting exit from the cell-cycle and differentiation (Sherr and Roberts, 2004; Starostina and Kipreos, 2012) . We focused on Cyclins D1, B1 and A2, and CDKIs p27Kip1 and p18Ink4c because they were previously reported to regulate proliferation of cerebellar granule cell precursors (Zindy et al., 2006; Pogoriler et al., 2006; Schüller et al., 2007; Contestabile et al., 2009; Otero et al., 2014; Ceccarelli et al., 2015) . To specifically analyze gene expression in granule cell precursors, we isolated EGL from cerebellar vermis of term and preterm pigs using laser capture microdissection (LCM) and assayed specific gene transcript levels by qRT-PCR. We found a significant downregulation of Ccnd1 (encoding Cyclin D1) and Ccnb1 (encoding Cyclin B1) expression in preterm EGL relative to both naturally born term controls and those delivered via c-section (Fig. 6A-C ) (Suppl. Table 5 ). In contrast, expression of Ccna2 (encoding Cyclin A2), Cdkn1b (encoding p27Kip1) and Cdkn2C (encoding p18Ink4c) was not different between preterm and term pigs (Fig. 6D-F ) (Suppl. Table 5 ). Thus, it is likely that preterm birth and precocious exposure to the ex-utero environment reduce proliferation of granule precursors, at least partially, by affecting the expression of genes encoding Cyclins D1 and B1. (B-I) Quantification of Pax6+ granule cell precursors (arrowheads in B-G) per 100 μm-long segments of the EGL. In preterm pigs, the number of Pax6+ cells in the EGL was significantly reduced in both anterior and posterior cerebellum relative to term controls. **p < .01, *p < .05. n = 4 naturally born term pigs, n = 4 csection born term pigs and n = 6 preterm pigs. (J-R) Quantification of Purkinje cells (arrowheads in J-O) per 500 μm of the Purkinje cell layer (P, Q) and diameter of Purkinje cells (R). In preterm pigs, neither density nor diameter of Purkinje cells was significantly changed relative to term controls (P-R). NS -not significant (p > .05), n = 4 naturally born term pigs. n = 4 c-section born term pigs and n = 5 preterm pigs. All data are mean ± sd. Scale bars: 100 μm (B-G); 250 μm (J-O). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) I.Y. Iskusnykh et al. Experimental Neurology 306 (2018) 209-221 3.5. Preterm birth compromises expression of Atoh1 and Jag1, two specific regulators of granule cell development
In addition to general cell-cycle regulatory molecules, many tissue specific proteins regulate development of granule cells, including transcription factors Atoh1, Pax6, Zic1, Zic4 and signaling molecules Shh and Jag1, which act upstream of or interact with general regulators of the cell cycle (Chizhikov and Millen, 2013; Leto et al., 2016) . Using qRT-PCR, we found that expression of Atoh1, which positively regulates proliferation of granule cell precursors (Flora et al., 2009) , was reduced in the EGL of preterm pigs relative to both naturally born term controls and those delivered via c-section (Fig. 7A, B) . In contrast, expression of Pax6, Zic1 and Zic4 was not different between preterm and term pigs ( Fig. 7C-E Fig. 1A ), in naturally born term controls (Nat. born term), term controls delivered via csection (C-sect. term) and preterm pigs. (B-I) Quantification of Pax2+ ML interneurons (arrowheads in B-D, F-H) per 300 μm-long segments of the ML did not reveal a statistically significant difference between term and preterm pigs in either anterior or posterior cerebellum (E, I). NS -not significant (p > .05). n = 4 pigs per group. (J-Q) Decreased number of GFAP+ Bergmann glial fibers (arrowheads in J-L, N-P) in preterm pigs in both anterior (M) and posterior cerebellum (Q) relative to term controls. ***p < .001, **p < .01, *p < .05. n = 4 naturally born term pigs, n = 4 c-section born term pigs and n = 5 preterm pigs. All data are mean ± sd. Scale bars: 100 μm (B-D, F-H), 200 μm (J-L, N-P). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Hatten and Roussel, 2011) . Jag1 is expressed in the EGL itself (Solecki et al., 2001) . Our LCM-qRT-PCR analysis revealed that expression of Jag1 was significantly reduced in the EGL of preterm pigs relative to both naturally born term controls and those delivered via c-section (Fig. 7F ) (Suppl. Table 5 ). In contrast to Jag1, Shh is primarily produced by Purkinje cells and diffuses to the EGL (Sillitoe and Joyner, 2007; Leto et al., 2016) . Rather than directly assessing Shh expression in Purkinje cells, we evaluated activity of the Shh signaling pathway in the EGL by analyzing three genes -Ptch1, Gli1 and Smo, expression of which is positively regulated by Shh (Corrales et al., 2006; Chizhikov et al., 2007; Fleming et al., 2013) . None of these genes was differentially expressed between term and preterm EGL (Fig. 7G-I ) (Suppl. Fig. 1A ), in naturally born term controls (Nat. born term), term controls delivered via c-section (C-sect. term) and preterm pigs. White solid line marks outer surface of the cerebellum, white dashed line shows inner boundary of the EGL. (A1-E) Decreased number of Ki67+ cells (arrowheads in A1-C2) per 100 μm-long segment of the EGL was detected in both anterior and posterior preterm cerebellum relative to term controls. **p < .01, *p < .05. (F1-J) Quantification of NeuN+ differentiating cells (arrowheads in F1-H2) per 100 μm-long segment of the EGL did not reveal a statistically significant difference between term and preterm pigs in either anterior (I) or posterior (J) cerebellum. NS -not significant (p > .05). (K1-T) Thickness of the inner Dcx + EGL (vertical bars in panels K1-M2) and Tag1+ EGL (vertical bars in panels P1-R2) was not different between term and preterm pigs. NS -not significant (p > .05). All quantifications were performed in n = 4 pigs per group. All data are mean ± sd. Scale bar: 30 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) arguing that Shh signaling was not affected in preterm cerebella. Thus, preterm birth compromises expression of Jag1 but not Shh signaling in the cerebellar EGL.
Exogenous Jag1 rescues granule cell proliferation defects caused by preterm birth
To study if downregulation of Jag1 is likely to contribute to a (F, I) There was reduced number of NeuN+ neurons in the IGL in both lobe III and lobe VIII in preterm pigs relative to naturally born term controls. *p < .05. All quantifications were performed in n = 4 pigs per group. All data are mean ± sd. Scale bar: 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) reduced proliferation in the EGL in preterm pigs, we performed rescue experiments using an in vitro cerebellar slice culture system. To confirm that this system is appropriate to study granule cell proliferation, we first tested whether it responded to a well-known granule precursors' mitogen Shh, and whether there was a difference in proliferation of granule cell precursors in term and preterm slices similar to term and preterm intact cerebella. Similar to in vivo models (Corrales et al., 2006) , Shh enhanced proliferation in cerebellar slices, as revealed by increased number of pH 3+ (mitotic) cells (Suppl. Fig. 2 and Suppl. Table 6 ). pH 3 immunostaining also demonstrated that similar to intact cerebella, after 24 h in culture, slices from preterm pigs had fewer pH 3+ cells in the EGL compared to slices from term controls (Fig. 8A,   Fig. 6 . Reduced expression of genes encoding general regulators of the cell cycle -cyclins D1 and B1 in the EGL of preterm pigs. (A) Diagram of sagittal section of pig cerebellar vermis. From each section, entire EGL (blue area in the diagram) was isolated by LCM and assayed by qRT-PCR. (B-F) Expression of Ccnd1 (encoding Cyclin D1), Ccnb1 (encoding Cyclin B1), Ccna2 (encoding Cyclin A2), Cdkn1b (encoding p27Kip1) and Cdkn2c (encoding p18Ink4c) in the EGL based on qRT-PCR. Ccnd1 and Ccnb1 were significantly downregulated in the EGL of preterm pigs (***p < .001, **p < .01, *p < .05). Expression of Ccna2, Cdkn1b and Cdkn2c was not different between term and preterm EGL (p > .05, NS). All quantifications were performed in n = 4 naturally born term pigs, n = 4 c-section born term pigs and n = 6 preterm pigs. All data are mean ± sd. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (B-I) Atoh1 and Jag1 were significantly downregulated in the EGL of preterm pigs (***p < .001, **p < .01). Expression of Pax6, Zic1, Zic4, Gli1, Smo and Patch1 was not different between term and preterm EGL (p > .05, NS). All quantifications were performed in n = 4 naturally born term pigs, n = 4 c-section born term pigs and n = 6 preterm pigs. All data are mean ± sd. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) B, E) (Suppl. Table 6), further indicating that this in vitro system is suitable to study mechanisms of proliferation related to preterm birth.
Supplementing culture medium with human recombinant Jag1 increased the number of pH 3+ cells in preterm slices (Fig. 8B , C, E) (Suppl . Table 6 ). Notably, the number of pH 3+ (mitotic) cells in the EGL of preterm slices cultured with Jag1 was similar to that in term slices cultured without Jag1 (Fig. 8A , C, E) (Suppl. Table 6 ), indicating that exogenous Jag1 was sufficient to rescue proliferation defects in preterm EGL. Interestingly, exogenous Jag1 increased the number of pH 3+ cells in term and preterm slices by nearly the same percent (~50%) (Fig. 8A-D and quantification in Fig. 8E , compare black and black hatched bars versus white and white hatched bars) (Suppl .  Table 6 ). Thus, although Jag1 expression is downregulated in the preterm EGL, preterm granule precursors respond to Jag1 protein similarly to term granule precursors, suggesting that the molecular network necessary for the transduction of Jag1 signaling remain largely intact in preterm pigs.
Discussion
Infants born preterm are at an increased risk of developing motor and cognitive deficits (Blencowe et al., 2012; Steer, 2005) . Clinical studies suggest that some of these deficits arise because preterm birth compromises cerebellar development (Stoodley et al., 2016; Volpe, 2009; Reeber et al., 2013) , but the underlying cellular and molecular mechanisms remain poorly understood due to inherent limitations of studies that rely on human patients. In the current study, we used healthy preterm pigs as a large animal model and found that preterm birth resulted in a reduced number of Bergmann glial fibers and decreased proliferation of granule precursors in the EGL at term equivalent age. Notably, differences in these two cerebellar populations have been reported for preterm human infants compared to stillborn fetuses, which died in utero and had no exposure to the ex-utero environment (Haldipur et al., 2011) . This suggests that our identification in pigs of granule cell precursors and Bergman glia as being affected by preterm birth is clinically relevant. Granule neurons are the most numerous cells in the cerebellum and account for a large fraction of cerebellar volume (Chizhikov and Millen, 2013) . Appropriate proliferation of granule cell precursors in late embryonic and early postnatal EGL is critical for the generation of an appropriate number of mature granule cells and formation of functional cerebellar circuits (Sillitoe and Joyner, 2007; Basson and Wingate, 2013; Leto et al., 2016) . Thus, it is likely that reduced proliferation of granule cell precursors in preterm infants contributes to both neurological deficits and decreased cerebellar volume previously reported in this group of patients (Messerschmidt et al., 2005; Limperopoulos et al., 2005a,b; Volpe, 2009; Brossard-Racine et al., 2015; Arhan et al., 2017) . Since granule neurons migrate from the EGL to IGL along Bergmann glial fibers (Sillitoe and Joyner, 2007; Leto et al., 2016) , reduction in the number of Bergmann glial fibers may affect radial migration of granule cells in preterm cerebellum. Additional studies, however, are needed to experimentally test this hypothesis. Analysis of mouse models have demonstrated that delayed (E) Quantification of pH 3+ cells per mm of the EGL. When cultured without Jag1, preterm slices had fewer pH 3+ cells in the EGL than those from term cerebella (**p < .01). Preterm slices cultured with Jag1 had more pH 3+ cells in the EGL than preterm slices cultured without Jag1 (***p < .001). Preterm slices cultured with Jag1 had a similar number of pH 3+ cells as term slices cultured without Jag1 (NS, p > .05), showing rescue of granule cell proliferation in preterm EGL by Jag1. All quantifications were performed in n = 4 slices per experimental condition. Each slice was taken from a different cerebellum. All data are mean ± sd. Scale bar: 300 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) radial migration of granule cells does not affect proliferation and expression of proliferation-related genes in the EGL (Ryan et al., 2017; Yong et al., 2015) , suggesting that preterm birth and exposure to the exutero environment directly disrupt proliferation of granule cells rather than this defect arises secondarily because of disrupted cellular migration.
In contrast to Haldipur et al. (2011) , who detected fewer Purkinje cells in preterm infants born after gestational week 34 relative to stillborn fetuses, we did not find a difference in the number of Purkinje cells in preterm pigs relative to healthy term controls. More importantly, neither our current study, nor another recent pig gene expression study (Bergstrom et al., 2016) , found evidence of downregulated Shh signaling after preterm birth, which was reported by Haldipur et al., in preterm human infants. It is important to note, however, that in the aforementioned human study a significant fraction of the preterm infants were affected by various confounding factors, which are common for preterm human patients. Many of these factors, such as sepsis/inflammation, hemorrhage, administration of glucocorticoids and mechanical lung ventilation are known to compromise cerebellar development (Rees et al., 2009; Baud and Gressens, 2011; Limperopoulos et al., 2010; Yoo et al., 2014; Ranger et al., 2015; Jeong et al., 2016; Kim et al., 2016; Pierson and Al Sufiani, 2016; Matsufuji et al., 2017) . Some of the medical interventions used for preterm infants, such as the glucocorticoids administered to up to 85-100% of preterm infants, are known to downregulate the Shh signaling pathway Tam et al., 2011; Baud and Gressens, 2011) . In addition, although stillborn fetuses are not exposed to the ex-utero environment, they are not equivalent to normal term controls, and the cause of death may have affected cerebellar development. Thus, downregulation of Shh signaling in preterm infants (Haldipur et al., 2011) likely results from the contribution of confounding factors rather than preterm birth itself, highlighting the importance of using a relevant translational animal model to complement clinical studies.
Although a recent study that analyzed total pig cerebellar RNA concluded that preterm birth had a limited effect on global gene expression (Bergström et al., 2016) , by analyzing laser capture microdissected EGL, we discovered that several key granule cell developmental genes were misregulated in preterm pigs, particularly those that promote proliferation of granule precursors. In different tissues, proliferation is positively regulated by cyclins that form complexes with cyclin-dependent kinases. CDKIs negatively regulate proliferation, promoting exit from the cell cycle and differentiation (Zindy et al., 2006; Sherr and Roberts, 2004; Starostina and Kipreos, 2012) . In preterm pig EGL, expression of Ccnd1 and Ccnb1 genes (encoding Cyclin D1 and Cyclin B1, respectively) was downregulated, while expression of Cdkn1b and Cdkn2c (encoding CDKIs p27Kip1 and p18Ink4c) was not affected, suggesting that preterm birth and the ex-utero environment compromise proliferation of granule precursor acting predominantly via cyclins, not CDKIs. In addition to cyclins, in preterm pigs we found downregulated expression of two genes that encode more tissue-specific molecules -transcription factor Atoh1 and signaling molecule Jag1. Atoh1 is a master regulatory gene that controls many critical steps of granule cell development, ranging from specification of granule cells in the embryonic cerebellar rhombic lip to cell metabolism and migration (Flora et al., 2009; Klisch et al., 2011) . Since Atoh1 knockout mice have a dramatically reduced proliferation in the EGL (Flora et al., 2009) , it is likely that the decreased proliferation of granule precursors we observed in the EGL of preterm pigs at least partially results from downregulation of Atoh1 expression. It remains to be investigated whether other processes regulated by Atoh1 are also compromised in the preterm EGL.
Signaling molecule Jag1 promotes proliferation of mouse granule cell precursors by activating Notch signaling pathway (Solecki et al., 2001; Roussel and Hatten, 2011; Hatten and Roussel, 2011) . In our slice culture experiments, supplying human recombinant Jag1 to culture medium rescued proliferation defects of granule cell precursors from preterm pigs, identifying Jag1 as a central granule cell gene affected by preterm birth. Interestingly, exogenous Jag1 increased proliferation in preterm slices as effectively as in control term cerebellar slices. This observation argues that although Jag1 expression was downregulated in preterm pigs, the molecular network necessary for the transduction of Jag1 signaling remains largely intact, suggesting that the Notch pathway could be a potential target for therapeutic interventions aimed to ameliorate cerebellar abnormality related to preterm birth. It is also worth noting that similar to our preterm pigs, Jag1−/− mice have reduced density of Bergmann glia fibers in the ML (Weller et al., 2006) , suggesting that reduced expression of Jag1 may contribute not only to decreased proliferation of granule precursors but also to Bergmann glia defects in preterm subjects. Interestingly, reduced activity of Notch signaling, revealed by a decreased expression of a Notch downstream gene Hes1, was detected in neonatal pups that were transiently exposed to 80% of O 2 in a rat model of hyperoxia (Scheuer et al., 2018) . During fetal life, the brain develops in relatively hypoxic conditions, whereas after birth arterial oxygen tension increases up to four-fold (Scheuer et al., 2018) . Thus, it is possible that downregulation of Jag1 and reduced proliferation of granule precursors in the preterm pigs at least partially results from precocious exposure to the elevated oxygen concentrations.
In conclusion, we described healthy pigs delivered at 91% of gestation as a clinically relevant large animal model of preterm birth. We demonstrated that preterm birth and subsequent precocious exposure to the ex-utero environment reduce the number of Bergmann glial fibers and disrupt the granule cell proliferation program in the developing cerebellum.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.expneurol.2018.05.015.
